We report the effect of the VI/II ratio on the metalorganic chemical vapor deposition (MOCVD) growth of ZnO film. The surface of ZnO film becomes very smooth as the VI/II ratio increases. Atomic force microscopy measurement shows that ZnO films grown at a VI/II ratio of 25,000 have atomically flat terraces with a root-mean-square roughness of 0.2 nm. Low-temperature photoluminescence spectra also reveal a very sharp excitonic emission comprised of a neutral donor bound exciton emission and a free exciton emission with first and second longitudinal optical (LO) phonon replicas, indicating that the ZnO epilayer is of a high optical quality. #
Introduction
ZnO is a wide-bandgap semiconductor with many attractive properties such as a low-power threshold for optical pumping at room temperature and a high exciton binding energy of 60 meV. 1) Therefore, ZnO has great potential for application to light sources such as light-emitting diodes (LEDs) and laser diodes. [2] [3] [4] [5] [6] [7] [8] It has been reported that the ZnO-based LEDs can be grown by growth methods based on physical vapor deposition, such as molecular beam epitaxy, pulsed laser deposition, and sputtering. 4) However, ZnObased films and optical devices grown by metalorganic chemical vapor deposition (MOCVD) have shown intense deep-level emission peaks along with very weak UV emissions. [9] [10] [11] [12] The primary reason for the intense deeplevel emission of ZnO LEDs grown by MOCVD is the poor surface and interfacial morphology between the p-n junction, because the rough interface produces a high density of interfacial traps, leading to defect-assisted transition. 13, 14) Previous studies on the growth of ZnO films by MOCVD showed poor surface morphology with a rootmean-square (RMS) roughness of several nanometers. [15] [16] [17] The surface energy density of the (0001) plane is known to be the lowest in the ZnO crystal, and it is difficult to obtain atomically flat ZnO films by MOCVD. 18) Even though Heinze et al. reported the epitaxial growth of ZnO film on a ZnO substrate by MOCVD, 19) there is no report on the epitaxial growth of ZnO film with an atomically flat terrace surface on sapphire substrates by MOCVD. In this study, we investigated the MOCVD growth mode of ZnO films on sapphire substrates. We report on the evolution of the surface morphology and the change in the growth mode from three-dimensional to two-dimensional by controlling VI/II gas ratios, resulting in the improvement of the structural, morphological, and optical properties ZnO films.
Experimental Procedure
ZnO films were grown on ZnO buffer layers in a MOCVD system with a vertical reactor. The ZnO buffer layers with a thickness of 60 nm were grown on a (0001) sapphire substrate by radio frequency (rf)-magnetron sputtering.
A substrate temperature of 800 C, growth pressure of 10 mTorr, rf plasma power of 80 W, and flow rates of Ar and O 2 of 10 sccm were used. The ZnO buffer layer showed a RMS roughness of 1.44 nm and a full width at halfmaximum (FWHM) of the !-rocking curve of 432 arcsec. For the MOCVD growth of epitaxial ZnO films on the ZnO buffer layer, diethylzinc (DEZn) and O 2 gas (99.999% purity) were employed as the sources of zinc and oxygen, respectively. The DEZn source was kept at a temperature of 0 C, and Ar gas (99.999% purity) was used as a carrier gas. The DEZn and O 2 were separately introduced into the reactor and two gas sources were mixed 1 cm ahead of the substrate to minimize the parasitic reaction in the gas phase. For the study of the ZnO growth mechanism, the flow rate of DEZn was maintained at 13.4 mol/min and O 2 was varied from 20.1 to 335 mmol/min. This led to a VI/II gas ratio change from 1,500 to 25,000. The growth pressure was maintained at 50 Torr and the growth temperature was 650 C. The atomically flat ZnO films were studied by atomic force microscopy (AFM), transmission electron microscopy (TEM), and X-ray diffraction (XRD), and photoluminescence (PL) analyses. Figure 1 shows the SEM images of ZnO films grown at a VI/II gas ratio in the range of 1,500-25,000. Figures 1(a)-1(c) clearly show that the surface morphology of ZnO film is strongly dependent on the VI/II ratio. As shown in Fig. 1(a) , the surface of ZnO film grown at a VI/II ratio of 1,500 shows pyramidal structures with six facets. When the VI/II gas ratio was increased to 7,500, however, the pyramidal structures gradually disappeared, as shown in Fig. 1(b) . When the VI/II gas ratio was further increased to 25,000, the ZnO film showed a smooth and flat surface, as shown in Fig. 1(c) . As shown in Fig. 1(d) , the ZnO film grown at a VI/II gas ratio of 25,000 showed an atomically flat surface with an RMS roughness of 0.2 nm. This is the lowest RMS roughness value ever reported for ZnO films grown by MOCVD.
Results and Discussion
To investigate the relationship between the VI/II gas ratio and surface morphology, we first examined the polarity of the ZnO buffer layer by etching the surface using a dilute hydrochloric acid solution. To characterize the polarity of Ã E-mail address: sjpark@gist.ac.kr the ZnO buffer layer, a 300-nm-thick ZnO buffer layer was grown on a sapphire substrate under the same growth conditions as the ZnO buffer layer. The surface of an etched ZnO buffer layer showed a hexagonal pyramid structure, indicating that the ZnO buffer layer was grown along the Àc-axis with O-polarity. 20) In addition, the etched surface of ZnO films grown on the ZnO buffer layer also showed a hexagonal pyramid structure, indicating the O-polarity of ZnO films. Figure 2 shows the atomic structure of the O-and Zn-terminated ZnO surfaces in the direction of the Àc-axis. As shown in Fig. 2(a) , each oxygen atom of an O-terminated surface has one dangling bond on the surface. The step edges of the O-terminated surface have two or three dangling bonds. Since Zn atoms can migrate on the O-terminated [1100]
[1120] surface under an oxygen rich condition at a high VI/II gas ratio, they are easily incorporated into the step edges. Therefore, the surface morphology of ZnO film is improved by lateral growth at the step edges at a high VI/II gas ratio. On the other hand, the Zn atom of the Zn-terminated ZnO surface at a low VI/II gas ratio has three dangling bonds on the surface, as shown in Fig. 2(b) . The step edges of the Znterminated surface have one or two dangling bonds. Since there are three dangling bonds on the surface, the migrating oxygen atoms are easily chemisorbed and incorporated into the Zn-terminated ZnO surface. Therefore, the ZnO film grown at a low VI/II gas ratio shows a rough surface with a pyramidal structure owing to the short diffusion length of the adatoms. Murphy et al. also found that the lateral diffusion lengths of adatoms is responsible for the change in the surface morphology of the grown ZnO films, by simulating the growth modes. 21) In order to investigate the crystallinity, the XRD analysis was performed. The results of XRD -2 measurement showed that the ZnO buffer layer has a preferential (0002) orientation, indicating that the ZnO buffer layer is singlecrystalline. The ZnO films on ZnO buffer layers also show the single-crystalline property with a preferential (0002) orientation. Figure 3 shows an XRD !-rocking curve of the ZnO buffer layer and ZnO films as a function of VI/II ratio. The ZnO buffer layer shows a FWHM of 432 arcsec. For the case of the ZnO film grown at a VI/II ratio of 1,500 by MOCVD, the FWHM is slightly increased to 468 arcsec due to the formation of a rough surface and the poor crystal quality. However the FWHM is decreased with increasing VI/II ratio. The value of FWHM is decreased to 284 arcsec when the VI/II ratio is 25,000, indicating that high quality epitaxial ZnO films are grown.
Temperature-dependent PL measurement was employed to investigate the optical quality of the ZnO film grown at a VI/II ratio of 25,000, as shown in Fig. 4 . The PL spectrum of ZnO film measured at 12 K shows two sharp excitonic emissions at 3.360 and 3.375 eV. The dominant peak observed at 3.360 eV is assigned to neutral donor bound exciton (D 0 X) emission. The other strong peak at 3.375 eV is attributed to free exciton (FX) emission. Two peaks having almost regular intervals of 72 meV from the FX peak are also observed, as shown in Fig. 4 . These two peaks can be assigned to first and second LO phonon replicas of the FX.
22)
The FX emission and its LO phonon replicas at low temperature indicate that the ZnO film grown at a VI/II ratio of 25,000 has a high optical quality and a high degree of crystallinity. As the temperature increases to 100 K, the intensities of the FX peaks increase while the D 0 X peak intensities decrease. The D 0 X peak disappears at temperatures above 150 K. This result is attributed to the excitons being thermally released from the donor impurities because of the increased thermal energy.
23) The observation of FX peaks at room temperature from the ZnO film grown at a VI/II ratio of 25,000 strongly suggests that the O-terminated surfaces with higher VI/II ratios suppress the formation of defects responsible for the D 0 X peaks.
23)

Conclusions
We investigated the effect of the VI/II gas ratio on ZnO films grown by MOCVD. The surface morphology of ZnO films was strongly dependent on the VI/II gas ratio. SEM and AFM analyses revealed that the surface roughness of ZnO films decreases with increasing VI/II ratio. The ZnO film grown at a VI/II gas ratio of 25,000 showed an atomically flat surface morphology with an RMS roughness of 0.2 nm. The FWHM of 284 arcsec in the (0002) plane indicates that the crystal quality of ZnO film is greatly improved by the lateral growth of ZnO films at high VI/II ratios. The room temperature PL of ZnO film was dominated by a narrow FX emission, indicating that an epitaxial ZnO film with high crystallinity and optical quality can be grown by MOCVD. 
